The paper industry has long had a need to better understand and control its papermaking process upstream, specifically at the wet end in the forming section of a paper machine. A vision-based system is under development that addresses this need by automatically measuring and interpreting the pertinent paper web parameters at the wet end in real time. The wet-end characterization of the paper web by a vision system involves a four-dimensional measurement of the slurry in real time. These measurements include the two-dimensional spatial information, the intensity profile, and the depth profile. This paper describes the real-time depth profile measurement system for the high-speed moving slurry. A laser line-based measurement method is used with a high-speed programmable camera to directly measure slurry height. The camera is programmed with a profile algorithm, producing depth data at fast sampling rates. Analysis and experimentation have been conducted to optimize the system for the characteristics of the slurry and laser line image. On-line experimental results are presented.
INTRODUCTION
A number of on-line sensors, including vision systems, have been developed for measuring paper properties.1'2'5 However, nearly all are intended for the dry end and typically scan across the web resulting in less than 100% web coverage. A small number of wet-end sensors have been previously described. Niemi has used a camera and illumination to determine the location and shape of the dry line at the wet end of a Fourdrinier machine.3 Viewing the wet end with the aid of a strobe light as a diagnostic tool is a common practice in the industry. Generally, by observing the web in this form, nonuniformities, flocculation, and the table action of the slurry on the wire may be discerned. Nomura has used stroboscopic imaging to show the varying nonuniformities in the sheet due to variations in headbox design. 6 The headbox flow conditions have been shown to directly affect fiber orientation and other formation properties.4'7'8 While stroboscopic imaging is established as a viable on-line technique for paper web sensing, structured lighting techniques have only been used in off-line applications, such as measuring the surface roughness of paper and board.2 In other application areas of computer vision, however, depth or range measurement using laser-based, structured lighting is a well-established method.9"°"12 A vision-based system is under development that automatically measures and interprets the pertinent paper web parameters at the wet end in real time. The wet-end characterization of the paper web by a vision system involves a four-dimensional measurement of the slurry in real time. These measurements include the two-dimensional spatial information in the machine direction and cross direction coordinates, the intensity profile, and the depth profile. The work to date has concentrated on the development of two subsystems to acquire these measurements. The first, the stroboscopic subsystem, acquires intensity images of the web using a CCD camera and a strobe light to freeze motion. The second is the depth-profiling subsystem whereby the depth profile of the slurry is measured in real time using a t J.S.G. CMOS camera and structured lighting. This project extends the use of strobe lighting techniques to real-time 100% web measurements with sophisticated image processing approaches to extract the desired information. The addition of depth profile measurement in real time provides a new approach to investigating the formation properties. This paper describes the real-time depth profile measurement system for the high speed moving slurry. A laser linebased measurement method is used with a high-speed programmable camera to directly measure slurry height. Image analysis techniques are employed to extract those parameters that correlate with essential paper web properties which affect production yield and product quality. The following describes the technical approach used in the design and development of the depth-profiling subsystem and provides the results obtained from testing.
DEPTH PROFILE MEASUREMENT
The depth profile measurement system measures the surface profile of the wet-end slurry of a paper machine. The measurement is in the cross-direction of the slurry at a location downstream from the headbox. The headbox on a paper machine produces a jet of slurry consisting of mostly water with a small percentage of wood fiber and other materials. The jet is directed over a moving "wire" that carries the slurry over successive blades in which water is removed until the web can be taken up by rollers and then carried to multiple drying stages. The immediate area downstream from the headbox is called the table area. In this area, the primary formation properties of the finished paper are set. The slurry in this area is turbulent with random moving patterns along with a more regular pattern of small waves that tend to persist through the length of the table. The more random patterns introduce inhomogeneities into the slurry that may appear and disappear or may continue through to the dry area. Since the slurry has motion in depth as well as length and width, the acquisition and analysis of the depth profile is necessary to characterize the slurry shape and properties.
Structured lighting is employed through the use of an infrared laser for illumination and a special purpose CMOS camera to capture images of the laser profile. Figure 1 shows a picture of the system in which the laser is mounted vertically above the slurry while the camera views the scene from the side at approximately a 45 degree angle. The laser projects a line onto the slurry in the cross-direction. A high-speed CMOS camera with built-in processing capability processes the image data illuminated by the laser and determines the profile in terms of the height of the slurry. The geometry is shown in Figure 2 . For this case, with a vertical projection plane, the depth of the slurry as seen by the camera is given by, B + f cosa zr=s 2 fcos a where, a is the angle of the camera' s optical axis from the horizontal, ris the change in depth, zs is the change in the sensor location, f is lens focal length, and B is the baseline from the camera optical center to the laser. The camera is oriented so that the horizontal, or x direction, is in the cross direction while the vertical, or y direction, corresponds to the height measurement.
The depth profiling system was initially developed and tested in the laboratory to demonstrate feasibility. A standard RSI7O camera can acquire the laser line images, but the speed is limited to 30 frames per second and the entire image must be processed. With the addition of the CMOS camera, a significant increase in the number of profiles per second is realized. The camera has a 256 by 256 pixel CMOS area array chip with 256 one-bit processors on chip. The processors are programmable and can process the images at high frame rates. Rates are dependent on the algorithm used to detect the laser line in the image and range from 100 to 900 profiles per second. Table 1 shows a list of the hardware used in the system. The infrared pass filter is used to exclude visible light so that external lighting does not interfere with the algorithm used to locate the laser line position. The linear polarizer further reduces any remaining interference by removing cross-polarized components such as specular reflections. An infrared laser at 83() nm. wavelength is invisible to the eye. hut the silicon in the camera is highly sensitive to energy at this wavelength. The Lasiris laser projects a single line of light onto the surface at a fanout of 45 degrees. For a three feet line width at the surface, the laser height above the surface is about 3.6 feet. The baseline separation of the camera and the laser is approximately the same.
Ar Figure 2 . Diagram of laser and camera geometry.
During operation, the laser sheet of light intersects the surface of the moving slurry producing an irregular line. The camera acquires an image of this line, locates the line based on the selected algorithm, and transfers the prolile data to the PC for analysis and display. Over time a two-dimensional image is assembled in the PC resulting in the time profile at that web location as well as the cross-direction profile.
Two laser line-finding algorithms have been evaluated with the CMOS camera. These algorithms were considered for robustness in the presence of noise and for speed of execution on the sensor. The first, a binary threshold method, applies a single threshold to the laser line intensity at each column of the image. If the intensity is found to xl+x2 he above the threshold at columns x1 and x2, the position of the line is taken to be / = 2 For a symmetrical intensity profile with no noise, this method gives a good estimate of the center of the laser line, producing resolutions of one-half pixel. However, Johannesson' has shown that with moderate noise, significant errors can he present. The second method is a maximum-finding algorithm using successive approximation. Successive thresholds are applied until the threshold closest to hut less than the maximum is found. Then the position is determined using the binary threshold formula given above. This method is more robust with significantly lower errors in the presence of noise than the binary threshold method.12 As expected. however, speed of execution is slower on the MAPP chip due to the application of multiple thresholds.
An enhancement to the basic algorithms has been added to measure multiple laser lines in a single image. A multiple line measurement is desirable on the slurry to provide a spatial distribution of the profile in the machine direction in addition to the cross-direction. This capability enables measurement of the time behavior of the profiles both on and between the table blades. Initially. the lines in the image must he found. Then the basic algorithm is applied to each of the lines.
TEST RESULTS
The depth measurement system was developed and tested in the laboratory as shown in Figure I . Testing has subsequently been conducted on a Fourdrinier paper machine. A mount was built to properly position the camera and laser over the slurry about 10 feet downstream from the headhox and about 5 feet in from the side. Figure 3 shows an intensity image of the slurry where the machine direction is from left to right. As indicated previously. relatively large structures are present that can persist over time causing formation problems in the finished paper. The structures seen here have variations in intensity primarily due to shadowing. These are actually variations in depth and provide the rationale for acquiring and analyzing the depth data. Figure 4 is an intensity image of the laser line in the slurry. Note that the edges of the laser line are not sharp or well defined hut appear to have a gradual falloff in intensity. The somewhat diffused illumination spreads from the center of the line. This behavior is due to the laser illumination penetrating into the slurry causing a gradual falloff in intensity instead of a direct reflection off the top surface of the slurry. Figure 5 shows three cross-section profiles of the laser line intensity from Figure 4 . This figure confirms that the intensity gradually falls off on either side of the peak. The profile is seen to he asymmetrical as well. This result indicates that the binary threshold algorithm would not be an accurate predictor of line location. The real-time profile measurement confirmed this prediction. Although high profile rates were obtained, the binary threshold method was found to give poor results with highly inaccurate positions and numerous dropouts. in contrast, the successive approximation method gave consistent and accurate measurements with few dropouts. The successive approximation method provided a rate of 100 profiles/sec. compared to 600 profiles/see. for the binary threshold algorithm. Figure 4 at three different locations. The intensity is seen to be asymmetrical and to fall off gradually from the peak. A system has been developed for measuring the depth profile of the moving slurry at the wet end of a paper machine. This system is vision-based and uses structured light along with a high-speed CMOS sensor-based camera to acquire profiles of the moving slurry in real time. Since the algorithm for measuring the profile is executed on the CMOS chip, high profile rates are obtained. Actual in-plant testing on a paper machine has been conducted with good results. The system has been shown to acquire profiles of the slurry with resolution depending on the magnification. Improvements such as an anamorphic lens would permit high magnifications in the depth while maintaining a wide field of view. Spatial variation of the slurry can be measured by projecting niultiple laser lines instead of a single line.
